The b-defensin, one of the antimicrobial peptides (AMPs), is a significant component of the innate immune with a broad range of antimicrobial activities. Differing from the widely-studied mammals and birds, limited information about b-defensins has been reported in reptiles, especially in crocodilians. As a same ancient species as dinosaurs and the most endangered species of 23 crocodilians, the survival of Chinese alligator (Alligator sinensis) means a powerful immune system and possible involvement of AMPs in its immune resistance. In this study, we identified 20 novel Alligator sinensis b-defensin genes (AsBDs) from a 390 kb region using bioinformatic and experimental approaches, and successfully distinguished six orthologous AsBDs to birds and nine paralogous AsBDs undergoing gene duplication events. The amino acid alignment shows that the AsBD paralogs, like a-defensins, encode a significantly longer propiece comparing with the orthologs. The calculation of non-synonymous (d N ) and synonymous (d S ) substitutions in the mature peptide reveals that the AsBD paralogs experience a significantly higher selective pressure (d N /d S ) than the orthologs, but a similar evolutionary force to a-defensins. The gene expression result indicates that the AsBD paralogs have a significantly higher expression level than the orthologos in gastrointestinal tract where the host is vulnerable to enteric pathogenic bacteria, as observed in a-defensins. These three pieces of evidence demonstrate that the AsBD paralogs do play an important role in maintaining long-term survival of this endangered reptile. Thus, this survey of AsBDs on the genomic structure, evolutionary characteristics, and expression pattern provides a genetic and immunological foundation for further investigating their antimicrobial function and alternative antibiotics potentiality.
Introduction
The Chinese alligator (Alligator sinensis), the most endangered species among 23 crocodilians, is an old, rare, and endemic reptile that is under first-class protection in China. Historically, wild individuals were widespread throughout much of the lower Yangzi River basin. However, the wild populations have suffered a sustained decline since the 1960s because of habitat loss, excessive human hunting, and the heavy use of pesticides (Corresponding and Wang, 1999; Zhou et al., 2012) . Subsequently, the Chinese government developed conservation programs to protect the Chinese alligators remaining in Anhui and Zhejiang Provinces. As a result, the current population has been successfully expanded from about two hundred founders several decades ago, to about ten thousand individuals. Crocodilians occupy a vital position in the evolution of vertebrates, in terms of their anatomical features, some of which are found only in dinosaurs and others are common to birds and mammals (Brochu, 2001) . They are closer to birds, in terms of their biochemistry, anatomy, and evolutionary biology, than to lizards and snakes (Eckalbar et al., 2012) .
As a semi-aquatic animal, shuttling everyday between the land and water environments, crocodilians live with opportunistic bacterial infections; however, their immune resistance is significantly effective, even if the wounds caused by fighting are exposed to foul water (Kommanee et al., 2012) . Wound healing without infection in bacteria-rich environments reflects rapid evolution of immunity-related genes, along with expansion of immune gene families and antimicrobial peptides (AMPs) (Castoe and Pollock, 2013) . Previous reports found that leukocyte extracts from the American alligator showed broad-spectrum antimicrobial effects (Merchant et al., 2006) , and that purified plasma from the Siamese crocodile exerted antibacterial activity against pathogenic bacteria (Kommanee et al., 2012) . Thereafter, novel AMPs from white blood cell extracts of the Siamese crocodile (Pata et al., 2010) and from American alligator plasma (Bishop et al., 2015) have been discovered.
Defensin, a type of AMP, is a small cationic cysteine-rich peptide, commonly containing less than 100 amino acids and six conserved cysteine residues. Defensins of higher vertebrates are classified into a-, b-, and q-defensins on the basis of their size and the spatial position of the six-cysteine residues (Lehrer and Ganz, 2002) . bdefensins are found in the majority of vertebrates, while a-defensins are only present in mammals; the q-defensins only exist in the primate lineage (Lehrer and Ganz, 2002) . Previous studies reported that b-defensins are widely expressed in many tissues, including immune and genital tissues (Kaiser and Diamond, 2000; Qi et al., 2016) . Defensins serve as important components of the host's innate immune defense; therefore, they have attracted increased attention because of the following immunity characteristics: (1) broad-spectrum antimicrobial activity in response to diverse microorganisms, including bacteria, fungi, viruses, and even protozoa (Ganz, 2003) ; (2) positive effects on wound healing by chemotactic effects on monocytes and lymphocytes cells (Cuperus et al., 2013; Ishige et al., 2015) and inflammation resolution (Sunkara, 2015) ; and (3) functioning as important immunomodulatory factors to integrate between innate and adaptive immune responses (Meade et al., 2014) . Thus, the b-defensin system of crocodilians is interesting, not only evolutionarily, but also immunologically.
In recent years, studies on the identification and evolution of bdefensins have been increasingly reported in avian species, including chicken (Lynn et al., 2004) , zebra finch (Hellgren and Ekblom, 2010) , crested ibis (Lan et al., 2014) , mallard (Chapman et al., 2016) , Japanese quail (Ishige et al., 2015) , golden pheasant, and hwamei (Chen et al., 2015) . Three defensin-like peptide genes have also been identified from platypus venom (Whittington et al., 2008) . A recent study identified the first b-defensin in the European pond turtle, named TBD-1 (turtle b-defensin1), which represents the first b-defensin isolated from reptilian leukocytes (Stegemann et al., 2009 ). Subsequently, further reptilian b-defensins were described in other two species: 32 b-defensins in green anole lizard (Dalla Valle et al., 2012) and 13 b-defensin-like sequences in Bothrops and Lachesis snakes (Correa and Oguiura, 2013) . However, to date, there is still limited information available on b-defensin in reptiles, especially in crocodilians, and the complete b-defensin repertoire in the Crocodilia has not yet been addressed. Considering the completely different mechanisms of killing microorganisms between b-defensins and conventional antibiotics, it is essential to develop new antimicrobial peptides to overcome the limitations of conventional antibiotics.
Materials and methods

Identification of the Chinese alligator b-defensin genes
To identify potential b-defensin sequences in the Chinese alligator, all known avian and reptilian b-defensin amino acid sequences were retrieved from NCBI (http://www.ncbi.nlm.nih.gov/) and used as query sequences. The query sequences were performed individually against the Chinese alligator genome (Wan et al., 2013) using the TBLASTN program with the default parameters for local BLAST. The sequences containing the characteristic six-cysteine motif of b-defensins were regarded as potential b-defensins. For every novel b-defensin sequence, iterative BLAST programs were executed until no more novel sequences were identified. After ascertaining the location of the potential b-defensin genes in specific scaffolds, we identified the full-length coding sequences of the b-defensins by a combination of GENSCAN (http://genes.mit.edu/ GENSCAN.html), GeneWise (http://www.ebi.ac.uk/Tools/psa/ genewise/), and FGENESH (Solovyev et al., 2006) programs.
Sequencing of full-length coding sequences
We collected 13 tissue samples stored in liquid nitrogen, including the spleen, brain, muscle, colon, small intestine, gallbladder, kidney, stomach, heart, ovary, lung, liver, and thyroid. These tissues were sampled from euthanized alligator individuals according to the guidelines of the Animal Ethics Committee of Zhejiang University, and were obtained from the Changxing Yinjiabian Chinese Alligator Nature Reserve, under permission from the State Forestry Administration of China. Total RNA was extracted using Trizol (Invitrogen, Italy) according to the manufacturer's instructions. Rapid-amplification of cDNA ends (RACE) for both 5 0 and 3 0 -ends was performed using GeneRacer™ Kit (Thermo, China, Catalog no. L1502-01) following the manufacturer's instructions. All 5 0 and 3 0 RACE primers (including nested primers) were designed using Premier Primer 5.0 software (Table S1 ) based on putative b-defensin sequences. The resulting amplicons of the 5 0 -and 3 0 -RACE reactions were purified from the excised gel bands and ligated into vector pMD18-T (Takara Biotech, China) according to the manufacturer's instructions. Plasmids from positive colonies were purified and sequenced by BGI (Beijing Genomics Institute).
All cDNA sequences of the novel Alligator sinensis b-defensin-like genes (AsBDs) are available in GenBank (accession numbers: MG519833eMG519852).
Quantitative real-time PCR analysis of Chinese alligator bdefensin genes
To analyze the constitutive expression of the b-defensin genes, the relative expression levels of ten relatively highly expressed bdefensin genes were examined in 13 tissues using quantitative realtime reverse transcription PCR (qRT-PCR). For cDNA synthesis, 1 mg of total RNA in a final volume of 20 ml was reverse transcribed using Takara PrimeScript RT Reagent Kit (Takara Biotech, China) following the manufacturer's instructions. qRT-PCR was performed on a CFX manager PCR System (Bio-Rad, USA) using SYBR Premix Ex TaqII (Takara Biotech, China). Briefly, the 10-ml reaction volume contained 6 ml of SYBR Green I Premix, 0.5 ml each of the forward and reverse primers, and 1.0 ml of cDNA. The thermal cycling profile was as follows: denaturation at 95 C for 3 min; then 40 cycles of 10 s at 95 C and 30 s at the primer-specific annealing temperatures (Table S2) , followed by 5 s at 95 C, and the final step of 5s to acquire the melt curve from 65 C to 95 C with 0.5 C increments. For each PCR, negative controls were prepared by replacing the cDNA solution with sterile water. Expression of the AsBDs was normalized against the expression of GAPDH. The 2 À△△ CT method was used to analyze the relative expression level of the AsBDs. The expression levels of the AsBDs was compared statistically using analysis of variance (ANOVA) and Dunnett's T3 multiple comparisons in SPSS 20.0 (IBM, USA) and the difference in relative expression level between the orthologous and paralogous genes was assessed using the ManneWhitney U test because of the non-normal distribution of the data.
Phylogenetic and evolutionary analyses
Except for one pseudogene, the acquired b-defensin coding sequences were aligned using the ClustalW program (Kumar et al., 2008) , followed by manual manipulations. A neighbor-joining (NJ) tree of 103 b-defensin nucleotide sequences encoding the pre, pro, and mature peptides from multiple species, including Chinese alligator, chicken (Xiao et al., 2004) , crested ibis (Lan et al., 2014) , zebra finch (Hellgren and Ekblom, 2010) , green anole (Dalla Valle et al., 2012) , western painted turtle (XM_005290681.1 and XM_005308346.1), American alligator (XM_006270719.1), green turtle (XM_007061740.1), and gecko (XM_015418976.1), was constructed using MEGA 5.0 (Hall, 2013) . Model testing was performed in advance in Mega to determine the correct evolutionary model. The reliability of the estimated trees was evaluated by the bootstrapping method with 1000 replications. Another Bayesian tree was also built using MrBayes (Ronquist and Huelsenbeck, 2003) with the following parameters: six different substitution rates, over 12,000,000 generations, a sampling frequency of 500 generations, and a gamma-distributed rate with a proportion of invariable sites (corresponding to the K80 model). The optimal substitution model was selected according to the AICc (small-sample-size corrected version of Akaike information criterion (AIC))-based model testing results in jModelTest 2.1.7 (Darriba et al., 2012) . To investigate the relationship between reptilian b-defensin genes with a long pro peptide and mammalian a-defensin genes, we constructed an NJ tree based on the pre-pro segment using the defensin sequences of Chinese alligator, humans (Li et al., 2014) , and opossum (Belov et al., 2007) . On the basis of the phylogenetic trees, we depicted syntenic relationship of the defensin cluster among the Chinese alligator, chicken (Hellgren and Ekblom, 2010) , and green anole (Dalla Valle et al., 2012) . The d N /d S ratios (u) of non-synonymous (d N ) to synonymous (d S ) substitutions were calculated separately for pre-pro and mature peptides, and the significance of u difference was evaluated using the codon-based Z-test in MEGA5.0 (Hall, 2013) . The ManneWhitney U test was also adopted to assess the difference in u values between the orthologous and paralogous genes. The u for the human a-defensins (Li et al., 2014) were also computed for comparison with that of Chinese alligator b-defensins. Isoelectric point (pI), hydrophobicity, molecular weight (MW), and net charge at neutral pH of the pro-peptides and mature peptides were calculated using PepDraw software (http://www. tulane.edu/wbiochem/WW/PepDraw/index.html), not only for Chinese alligator b-defensins, but also for a-and b-defensins from humans (Li et al., 2014) , opossum (Belov et al., 2007) , and horse (Bruhn et al., 2009 ).
Results
Genomic structure and gene identification of the Chinese alligator b-defensin cluster
The BLAST results showed that all Chinese alligator b-defensin genes were located in scaffold687_1 (150804e511382 bp; 390 kb in length) of the Chinese alligator genome, suggesting that the reptilian b-defensin cluster might be harbored on a single chromosome, like the avian b-defensin genes (Chen et al., 2015) . Twenty b-defensin genes, including a pseudogene, were identified from the 390-kb region (Fig. 1 ,Tables 1 and 2), which was larger than its avian counterpart (about 100e200 kb). The Chinese alligator b-defensin genes were named as AsBD (Alligator sinensis b-defensin), referring to Lynn's nomenclature (Lynn et al., 2007) .
We observed a clear syntenic relationship among three representative species (Fig. 1) ; the genes forming separate clades in the phylogenetic trees (see below) were also grouped together within the syntenic clusters. Further support for the genomic synteny among the three species came from the location and the order of the genes. The head and tail regions of the Chinese alligator bdefensin cluster both showed good synteny with those of the chicken b-defensin cluster (Hellgren and Ekblom, 2010) in terms of the same locations of the orthologous genes 12, 13, and 14 in these two species (Fig. 1 ). For the paralogous AsBD genes, we confirmed two syntenic fragments between the Chinese alligator AsBD and green anole AcBD (Anolis carolinensis b-defensin) (Dalla Valle et al., 2012 ) clusters (Fig. 1) . On the basis of the syntenic and phylogenetic (see below) analyses, we identified six orthologous genes (AsBDs 5, 8, 10, 12, 13, and 14) to the avian b-defensin genes and nine paralogous genes (AsBDs 105a, 105b, 105g, 105q, 106a, 106b, 106g , 107a, and 107b), which were produced by species-specific duplication events in the Chinese alligator. The remaining genes have an undetermined relationship because of the lack of published information for defensins from other reptiles. 
Phylogenetic and evolutionary analyses of Chinese alligator bdefensin genes
We used Bayesian and NJ methods to analyze the evolutionary relationship between AsBDs and b-defensin genes of other birds and reptiles (Fig. 2) . The topologies of the two phylogenetic trees were highly consistent. The b-defensin genes from the same subfamilies (AsBDs 5, 8, 10, 12, 13, and 14) were grouped into the same Table 1 Location of b-defensin genes in Chinese alligator genome (Scaffold 687_1). The absence of exon information means this exon has been fused with the adjacent exon. The asterisk denotes AsBD103P is a pseudogene. The paralogous AsBD genes were highlighted in grey. (Fig. 2) . Gene duplication events were clearly identified in the Chinese alligator; those paralogs, including AsBD105 (a, b, g and q), AsBD106 (a, b and g), and AsBD107 (a and b), shaped their respective clusters with high
Bayesian support (Fig. 2) . The classical defensin structure is a pre (signal peptide)-pro (linker)-peptide (mature segment) pattern. In the present study, we calculated the selective pressure (u ¼ d N /d S ) for the pre-pro and mature peptides, respectively. The pre-pro-based pairwise comparisons between the orthologous and paralogous genes produced a mean u less than 1 and presented no significant difference (mean u of 0.604 vs. 0.759, P ¼ 0.471; Fig. 3A and Table S3 ). For the mature peptides, the mean u was significantly higher for the paralogous genes than for the orthologous genes (1.208 vs. 0.499; P ¼ 0.034; Fig. 3B and Table S3 ). This u-based selective pressure analysis indicated the pre-pro segment of the AsBD genes as a whole undergoes purifying selection, while the mature fragment of the paralogous genes experiences more intense positive selective pressure compared with the orthologs.
Characterization of Chinese alligator b-defensin genes
We observed that the Chinese alligator b-defensin genes were organized in multiple forms from two exons (typical of the human genome) to four exons (typical of the avian genome) with extensive fusion of adjacent exons, as described for crested ibis b-defensins (Lan et al., 2014) . Interestingly, the coding regions of all AsBDs were contained in only two exons, even if the AsBDs had the classic fourexon or three-exon organization pattern, such as AsBDs 5, 8, 10, and Tagu 101 (Fig. 4A ). All paralogous genes and AsBDs 13, 12, 102, 104, 14, and 108 had the two-exon organization pattern, in which the first two and the last two exons are fused, respectively. In this case, the first exon encoded the pre-pro segment, while the last exon encoded the mature sequence, shaping the structure pattern as a pre-pro-peptide. In AsBD10, the first two exons fused to produce three exons, in which the first two exons encoded the pre, pro, and mature peptides, whereas the last exon encoded the 3 0 -untranslated region (UTR) tail. For the four-exon pattern in AsBDs 101, 5, and 8, they showed a variable encoding pattern (Fig. 4A) : The amino acid sequence of AsBD101 was encoded by the first two exons (the last two exons encoded the 3 0 -UTR), and amino acid sequences of AsBDs 5 and 8 were encoded by the exons 2 and 3 (the first exon encoded the 5 0 -UTR and the last exon constituted the 3 0 -UTR tail). Briefly, the diversified genic structure of the Chinese alligator AsBDs was different from that of previous bird and green anole defensins. In addition to variation in the genic structure, we also found abundant variation in intron splicing, where the signals GT/AG and TA/GG were two main splicing models (Table S4) . Thus, these results represent evidence of the high variability in the Chinese alligator b-defensin genes.
From the amino acid alignment, we observed two structure patterns of AsBD proteins: Pre-long-pro-mature for paralogs and pre-short-pro-mature for the non-paralogs (Fig. 4B) . The classical b-defensin molecules contain a relatively short pro-peptide, as seen in the non-paralogs. However, the nine paralogous AsBDs (105ae105 n 106ae106, and 107ae107b) all have a significantly longer pro-peptide than the non-paralogs (P < 0.001), suggesting that the paralogous AsBDs might have distinct features from the other proteins. At the amino acid level, we found that the AsBDs all have six conserved cysteine residues in the mature peptides (Fig. 4B) , forming three intramolecular disulfide bridges, as reported before (Ganz, 2003) . Moreover, the majority of alligator bdefensins shared a high degree of conservation in the spacing pattern of 'C-X 5-6 -C-X 3-6 -C-X 9 -C-X 5-6 -CC'. The exceptions were AsBDs 102 and 105a; the former only had one residue between the fourth and fifth cysteines, and the latter had 16 residues between the second and third cysteines.
The expression patterns of Chinese alligator b-defensin genes
We obtained 17 full-length cDNA sequences for the 20 bdefensin genes using a 5 0 -and 3 0 -RACE approach. We did not obtain cDNAs for AsBDs 107b, 14, and 105b, which were predicted by gene prediction software (Table 1 ). In addition, despite obtaining the full-length cDNA sequence, AsBD103P should be a pseudogene because of a 2-bp deletion that induces a frame-shift resulting in the loss of the mature peptide (Fig. S1) . The failure to amplify transcripts of other three AsBDs was likely due to the absent or extremely low expression levels of these genes in the selected tissues.
The expression profile of five orthologous (including the pseudo gene AsBD103P) and five paralogous genes with relatively high expression was obtained by investigating their relative expression levels in 13 different tissues (Fig. 5) and by assessing the significance of the expression differences among the tissues (Table S5) . We observed diverse expression patterns for the orthologous genes (Fig. 5A) . The AsBD13 gene was ubiquitously and strongly expressed in the investigated tissues, and showed the highest level of expression in the liver, followed by moderate expression in the brain, gallbladder, lung, ovary, and small intestine, and the least expression in the muscle, spleen, colon, stomach, and heart. The expression level of AsBD10 was the highest in the kidney, with moderate expression in the liver and thyroid, and limited expression in the remaining tissues. AsBD5 and AsBD8 showed the most robust expression in the spleen (an immune organ), a medium level of expression in the small intestine, and slight expression in the other tissues. Remarkably, a significant positive correlation was found between the expression patterns of AsBD5 and AsBD8 (Pearson correlation r ¼ 0.829, P < 0.001), indicating that these two genes have co-evolved because of their adjacent location in the genome (Fig. 1) . Despite being a pseudogene, AsBD103P still presented ubiquitous expression (Fig. 5A) , suggesting that AsBD103P mutated into an inactive form recently.
A similar expression pattern was observed for the five paralogous genes (Fig. 5B ), which were significantly highly expressed in the intestinal tract (small intestine and colon), compared the other tissues. AsBD105q and AsBD106g also showed a moderate expression level in the ovary, lung, liver, and thyroid. The lowest expression of the paralogous genes was detected in the muscle, as seen in orthologous genes. It is worth emphasizing that the relative expression levels of the paralogous genes were significantly higher (P ¼ 0.015e0.0001) in the colon, small intestines, gallbladder, muscle, and stomach compared with those for the orthologous figure B indicates that the expression level of the paralogs was significantly higher than that of the orthologs in five dyads of tissues (all P < 0.05).
genes (grey-highlighted in Fig. 5B ; Table S6 ), indicating a special role for the paralogous AsBDs in the Chinese alligator innate immune system. In summary, these three characteristics of the paralogous AsBDs: a significantly longer pro-peptide, a significantly higher selective pressure on the mature peptide coding region, and a significantly higher level of expression in the intestinal tract compared with the orthologs, suggested that the AsBD paralogs play a more important role than the orthologs in maintaining long-term survival of Chinese alligators.
Comparison of paralogous AsBDs with mammalian a-defensins
In general, defensins have a classical structure of 'pre-pro-peptide', while the b-defensins have a very short pro-peptide preceding the mature peptide, in sharp contrast to the long pro-peptides in mammalian a-defensins (Li et al., 2014) . However, we found that the nine paralogous genes (AsBDs 105a, 105b, 105g, 105q, 106a,  106b, 106g, 107a , and 107b) all encode a much longer pro-peptide, similar to a-defensin genes, while the orthologous AsBDs produced a polypeptide with a normally short pro-peptide characteristic of classical b-defensins (Fig. 4B) . Thus, we named the two kinds of bdefensins containing a short or long pro-peptide as short bdefensins or long b-defensins, respectively, to facilitate subsequent analyses. We revealed that the numbers of amino acid numbers in the pre-pro peptide in the long b-defensins and a-defensin were both significantly higher than those in the short b-defensins (P < 0.001, Table S7 ), suggesting a potentially special relationship between long b-defensins and a-defensins.
The net charge and hydrophobicity of a defensin mature peptide has a positive relationship with its antimicrobial ability and the pro-peptide is responsible for subcellular trafficking and neutralizing cytotoxicity resulted from net cationic charge of the mature peptide (Jarczak et al., 2013; Selsted and Ouellette, 2005) . We plotted the net charge and hydrophobicity of the pro-peptides against those of the mature peptides (Table 2) , and found that the pro net charges/hydrophobicity data of the short and long bdefensins were separated on the top/bottom and on the bottom/ top, respectively. Moreover the a-defensins formed a linker area between the short and long b-defensins (Figs. S2A and 2C; Table S8) , suggesting that the a-defensins have a special evolutionary relationship with the short or long b-defensins. We further computed the significances of differences in the net charge and hydrophobicity among these three kinds of defensins. The analysis revealed less significant P values between a-defensins and long b- (Table S7) .
To analyze the evolutionary relationship between AsBDs and adefensins, we constructed a NJ phylogenetic tree based on the prepro sequences. Obviously, the nine alligator-specific paralogous AsBD peptides (i.e., long b-defensins) were grouped with the human and opossum a-defensins instead of clustering with human and opossum b-defensins (Fig. S3) . While the other non-paralogous AsBD proteins (i.e. short b-defensins) formed a cluster with human and opossum b-defensins, as expected (Fig. S3) . This further suggested that mammalian a-defensins evolved from long b-defensins, while mammalian b-defensins developed from short b-defensins.
We further performed pairwise comparisons of d N /d S of the pre-pro and mature peptides in a-defensin, and short and long AsBD proteins, respectively (Table S9) . We found that the short AsBDs had a broad range of plots while the long AsBDs and human a-defensins overlapped in the middle area of the short AsBD plots (Fig. S4), suggesting that a-defensin and long AsBD genes shared a similar selective pressure.
Therefore, the results showed that the paralogous AsBDs had a similar pro-peptide length, a similar chemical property of net charge and hydrophobicity, and a similar selective pressure to adefensins, and a more consistent clustering with a-defensins, rather than having a closer relationship with the orthologous AsBDs. This implied that the mammal-specific a-defensins could have originated from the reptilian long b-defensins, which is in good agreement with a previous study that a-and b-defensins were products of distinct gene families that stemmed from an ancestral b-defensin gene (Schutte and McCray, 2002) .
Discussion
We reported the identification and characterization of 20 Chinese alligator b-defensin genes for the first time in Crocodilia. The
AsBD cluster presents a relatively good synteny with chicken and green anole defensin clusters, and shows Chinese alligator-specific gene expansion. Thus, we identified six orthologs, nine paralogs, and five analogs with unknown identity (Fig. 1 ). Among these 20 AsBD genes, we observed a genic structure pattern that is different from that of classic avian b-defensins, but similarly variable to that described in green anole (Dalla Valle et al., 2012) . We also observed the phenomenon of exon fusion in AsBDs from four exons to two exons, as observed in crested ibis (Lan et al., 2014) . The diversity of the genic structure was considered to be a result of exon-shuffling, which plays a crucial role in producing novel genes encoding multidomain proteins, especially for immunity-related genes (Froy and Gurevitz, 2003; Patthy, 1999) . This suggested that variation in AsBD genic structure probably enhanced the effect of AsBDs in the innate immune system.
In this study, we discovered that the paralogous AsBDs had three distinct features in terms of the pro-peptide length, selective pressure, and expression level from the orthologous AsBDs, and further revealed that the long b-defensin paralogs were more similar to mammalian a-defensins in two composition characteristics and in two evolutionary properties compared with the short b-defensin analogs. Here, we discuss another piece of evidence from tissue expression experiments that supports our hypothesis that mammalian a-defensins could be derived from reptilian long b-defensins.
Avian b-defensins are widely distributed in various tissues, especially in mucosal epithelial cells of the skin, respiratory, digestive, and genitourinary tracts, which are easily exposed to exotic pathogens (van Dijk et al., 2008) . The orthologous AsBDs had a similar variety of tissue expression to avian b-defensins (van Dijk et al., 2008) . Mammalian b-defensins are mainly expressed in the epithelium of organs (Qi et al., 2016) , while mammalian a-defensins are specifically expressed in Paneth cells of the small intestine (Kotz e et al., 1993) . Coincidently, the paralogous AsBDs, showing a very high similarity to a-defensins, showed the highest expression level in the small intestine of Chinese alligator (Fig. 5) , suggesting that reptilian long b-defensins might be an evolutionary precursor of mammalian a-defensins.
As mentioned above, the paralogous AsBDs present a relatively long pro-peptide comprising about 36e60 negatively charged residues (Tables S7 and S8) , as observed in the three long bdefensins of green anole and in all a-defensins of mammals (Dalla Valle et al., 2012; Selsted and Ouellette, 2005) . Regarding the propeptide, the 'charge balance hypothesis' insists that (1) the defensins have evolved their pro-peptide and mature segments in a coordinated fashion, namely the more positive charge in mature peptide, the more negative charge in the pro-peptide (Hughes and Yeager, 1997) and thus (2) the anionic pro-peptide potentially neutralizes the cationic nature of the mature peptide to minimize auto-cytotoxicity (Selsted and Ouellette, 2005; Valore et al., 1996) . Previous studies revealed that the pro-peptide acts as an effector to target the defensins into subcellular components (Valore et al., 1996) . The mature peptides of paralogous AsBDs have a positive charge similar to that of the orthologs (Table S8) , which means that the paralogs and orthologs have similar auto-cytotoxicity and thus the paralogous AsBDs require no extra neutralization of the negative charge derived from their longer pro-peptides. The extended pro-peptide in Chinese alligator AsBD paralogs might sort the mature defensins into different compartments compared with the orthologs with their short pro-peptides. Thus, the contrast of net charge and hydrophobicity between the pro-peptide and the mature peptide suggests that the longer pro-peptide of AsBDs could be an effector of subcellular targeting rather than a method of avoiding cytotoxicity, namely directing the paralogous AsBDs to small intestine to initiate immune defense. Additionally, the net charge of the mature peptide influences its antimicrobial activity; the cationic peptides initially target anionic bacterial cell membranes, where the positively charged peptides interact by electrostatic forces with the negatively charged phospholipids (Klüver et al., 2006; Powers and Hancock, 2003) . A previous study indicated that (1) the platypus defensin-like peptide-2 lacks antimicrobial activity because of its less cationic character (Torres et al., 2000) , and (2) the broad spectrum antimicrobial activity of human b-defensin-1 (þ4), À2 (þ6), À3 (þ11), and À4 (þ6) mature peptides was attributed to the highly cationic C-terminal part of the peptide (Guaní-Guerra et al., 2010) . Hence, the anionic/neutral charge of AsBD101 (À4) and AsBD102 (0) mature peptides (Table 2) suggests that they might lack antimicrobial activity, while the less cationic character of AsBD106a (þ2), 106b (þ2), 107b (þ1) and 10 (þ2) mature peptides (Table 2 ) might weaken their antimicrobial activity. To verify the activity difference among AsBDs, it is essential to perform in vitro antimicrobial experiments and structure analysis in further studies.
Besides the small intestine, we also noticed that the paralogous AsBD genes showed significantly higher expression in other gastrointestinal tract organs relative to the orthologous AsBDs (Fig. 5B) . Similarly, a previous study reported that green anole long b-defensins (AcBDs 5, 15, 21, 22, 25, 29, and 30) showed considerable expression in the gastrointestinal tract (Dalla Valle et al., 2012) .
Furthermore, mammals also express a relatively high level of bdefensins in their intestinal tract (Rahman et al., 2010) . This phenomenon was explained by the fact that the gastrointestinal tract is very susceptible to infection because it is constantly exposed to a broad range of potential pathogens. As an aquatic carnivore, the digestive tract of the Chinese alligator is more susceptible to the threat of pathogenic bacteria than to disease. Unfortunately, crocodilians have not yet developed Paneth cells in their small intestine, which are capable of secreting a-defensins to protect the host from microbial infection in mammals (Lehrer and Ganz, 2002; van Dijk et al., 2008) . Although they lack Paneth cells and a-defensins, Chinese alligators contain a significantly increased level of AsBD paralogs in their gastrointestinal tract, which structurally and evolutionarily resemble mammalian a-defensins. Thus, we propose that the long b-defensins exert a dominant defense against rapidly evolving microorganisms in reptilian intestines, similar to adefensins in mammalian intestines.
Conclusion
This study identified 20 novel b-defensin genes in the Chinese alligator genome and contributed novel information related to reptilian AMPs. The results of amino acid composition, selective pressure, and expression pattern analyses showed a crucial role of paralogous b-defensin genes in the Chinese alligator innate immune system. The results support the hypothesis that the reptilian long b-defensins (corresponding to AsBD paralogs) might be evolutionary precursors of mammalian a-defensins and serve as predominant defenders in the intestinal tract. Thus, the special characteristics of Chinese alligator paralogous b-defensins emphasize the necessity to further investigate their potential as an antibiotic surrogate.
